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The  world’s  extensive  and  often  remote  arid  landscapes  are  receiving  increasing  attention  to maintain
their  ecological  and  productive  values.  Monitoring  and  management  of  these  lands  requires  indicators  and
evidence of ecosystem  condition  and trend,  generally  derived  from  widely  distributed  and  infrequently
repeated  site-based  records.  However  adequate  geographic  representation  and  frequent  site revisits  are
difﬁcult to  achieve  because  of  the remoteness  and  vast  extent  of these  landscapes.  Interpreting  such
sparse  ecological  indicators  is difﬁcult,  particularly  within  landscapes  that  are  highly  variable  in  space
and  time.  To  interpret  ecological  indicator  data  collected  in  such  environments  long-term  patterns  of
natural  landscape  variability  need  to be understood.
This  paper  presents  a framework  of  landscape  spatio-temporal  variability  within  which  to  interpret
ecological  indicator  data. This  framework  is  based  on  long-term  patterns  of vegetation  growth  across
the Australian  arid  zone,  derived  from  twenty-ﬁve  years  of  high  temporal  resolution  National  Oceanic
and  Atmospheric  Administration  (NOAA)  Advanced  Very  High  Resolution  Radiometer  (AVHRR)  satellite
imagery.  We  present  a case  study  of  the  extensive  Alinytjara  Wilurara  (AW)  Natural  Resource  Manage-
ment  (NRM)  region  in  far western  South  Australia  to  illustrate  new  insights  about  landscape  function
gained  from  this  approach,  and  their implications  for collection  and  interpretation  of  ecological  indica-
tor  data.  We  illustrate  how  variability  in  vegetation  response  is  expressed  across  the  region,  and  how
stratiﬁcation  based  on  active  vegetation  response  differs  from  more  commonly  used biogeographic  strat-
iﬁcations  in this  region.  Lastly  we  demonstrate  the  unique  patterns  of  long-term  vegetation  response  for
the major  vegetation  response  classes.  Average  amount,  seasonality,  magnitude,  timing  and  variability
of  vegetation  response  over  time  are used  to  characterise  the  natural  “envelope”  of variability  of the  new
landscape  classes.
The  study  region  showed  low  vegetation  response  in  summer  and higher  response  in winter.  Onset  of
growth  was  earlier  in  the  north  and  in ecosystems  dominated  by  mallee  vegetation.  Cyclonic  inﬂuence
from  the  west  was  evident  at the  southern  margin  of  the  study  region.  The  study  demonstrates  the
landscape  functional  response  of  the study  region,  and  presents  a method  whereby  remote  sensing  reveals
the  landscape  context  within  which  to better  interpret  ecological  indicator  data  collected  in a highly
variable  landscape.
©  2015  The  Authors.  Published  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Monitoring change in vegetation cover and interpreting the
igniﬁcance of such change is vital for arid zone environmental
anagement. Arid regions encompass about 33% of the global land
ass, and include a wide range of land utilisation and management
egimes. Plant cover in grazed rangelands provides livestock fodder,
rosion control and biodiversity beneﬁts. The less disturbed regions
∗ Corresponding author. Tel.: +61 8 8313 6571; fax: +61 8 8313 6717.
E-mail address: erika.lawley@adelaide.edu.au (E.F. Lawley).
ttp://dx.doi.org/10.1016/j.ecolind.2015.01.042
470-160X/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article unlicense  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
are of high conservation value because they can provide informa-
tion on ecosystem structure and function in unmodiﬁed landscapes
and have potential for monitoring the effects of climate change
(Driscoll et al., 2012; Pettorelli et al., 2012; Suppiah et al., 2006).
They contain indigenous and endemic ﬂora and fauna and are crit-
ical for the reduction of further biodiversity loss (de Groot et al.,
2002; Fisher et al., 2009). Arid lands are under pressure from the
impacts of expanding human settlements and increasing resource
exploitation, resulting in reduction of arid ecosystem extent and
quality.
Monitoring and management of arid lands requires indicators
and evidence of ecosystem condition and trend. The most common
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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pproaches for assessing ecosystem condition rely on site-based
bservations and records repeated at intervals (DWLBC, 2002;
SDA, 2014; Warburton, 2011; White et al., 2012). Selection of
uitable indicators can be very complex (Smyth et al., 2009) with
ifferent indicators and methodologies for biodiversity, (Landsberg
nd Crowley, 2004) landscape function (Ludwig et al., 2000, 2004)
nd rangeland assessments (Ludwig and Bastin, 2008; Pyke et al.,
002).
Finding spatially and temporally representative indicators that
an be used to develop management strategies for these systems
emains a challenge (Ostendorf, 2011). Ideally, conditions need to
e assessed at spatio-temporal scales that recognise landscape vari-
tion and key processes.
In reality, samples are often very sparsely distributed and site
evisits remain infrequent, owing to the complex logistics and high
ost of ﬁeld campaigns in these vast remote regions. This poses
ajor problems for trend analysis and limits the use of the infor-
ation for management decisions. Land condition and vegetation
rowth in this zone are affected by the short and long term effects of
rought, erratic rainfall and ﬁre, which are distributed over a diver-
ity of landforms. It is impossible to elicit meaning from change in
ndicator values in such highly variable landscapes when data are
ollected years apart and often at different times of the year. In addi-
ion, separating the effects of human-induced and natural spatial
nd temporal variability is difﬁcult, even with spatially comprehen-
ive land cover indicators derived from remote sensing (Kilpatrick
t al., 2011).
A well accepted approach to assist interpretation of environ-
ental indicators across variable landscapes is spatial stratiﬁca-
ion, dividing the landscape into regions within which homogeneity
f response may  be expected (Hutchinson et al., 2005; Pesch et al.,
011). The most used stratiﬁcation in Australia is the Interim
iogeographic Regionalisation for Australia (IBRA), a national
cosystem classiﬁcation that stratiﬁes and describes the land-
cape in terms of climate, geology, topography, soils, vegetation,
nd where available, ﬂora and fauna information (Thackway and
resswell, 1997). Vegetation in the bioregions is characterised by
he perennial species: trees, shrubs, and tussock and hummock
rasses. This provides a static framework representing landscape
tructure and composition, the slow variables in the landscape. By
ts nature IBRA does not represent landscape function or variabil-
ty over time, such as seasonal and inter-annual changes, the rapid
rowth of ephemeral vegetation after rain, nor the reduction and
esprouting of perennial vegetation after ﬁre. To evaluate change
ver time in ecological indicators it would be preferable to stratify
he landscape on the basis of the spatio-temporal characteristics of
he indicators, rather than their spatial distribution alone.
Satellite-based remote sensing is now providing the means for
patially comprehensive assessment of ecosystems. In addition,
rowing archives of image time-series provide new, objective evi-
ence of landscape variability and trend over time (Guerschman
t al., 2009; Okin et al., 2013), and are increasingly being used
o support natural resource management (Thackway et al., 2013).
emote sensing time series may  provide primary indicators of envi-
onmental condition and change (e.g. Broich et al., 2014; Petus
t al., 2013). Alternatively, time series can be used to stratify land
over into regions of similar temporal response. Such stratiﬁca-
ion has been carried out through comparison of temporal trend
n neighbouring pixels of satellite images, or by comparison to ref-
rence pixels (Ivits et al., 2013; Reeves and Baggett, 2014) or regions
Bastin et al., 2014). In addition, new classiﬁcations of broad-scale
egetation types have been derived from remote sensing time
eries at global, continental and regional scales (Hansen et al., 2000;
ymburner et al., 2011; Thenkabail et al., 2005; Turcotte et al., 1993;
iao et al., 2005). Such classiﬁcations differ from more traditional
egetation mapping (e.g. AUSLIG, 1990) or the IBRA in that they areators 60 (2015) 1284–1297 1285
based on intra and inter-annual vegetation response over years or
decades, rather than distribution at a single reference time.
This paper uses the Australian arid zone vegetation classiﬁcation
of Lawley et al. (2011) as a framework of landscape spatio-temporal
variability within which to interpret ecological indicator data. This
framework is based on long-term patterns of vegetation growth
across the Australian arid zone, derived from satellite remote
sensing. Lawley et al. (2011) stratiﬁed the Australian arid landscape
based on variability in long-term vegetation response, as detected
in high temporal frequency AVHRR Normalised Difference Vegeta-
tion Index (NDVI) images. They used principal component analysis
(PCA) of these images to determine the key components that deﬁne
vegetation dynamics. These were used to stratify arid Australia
into separate zones of unique long-term variability in vegetation
response. These are “envelopes” of variability, within which change
in ecological indicator data can be interpreted.
We  present a case study of the extensive AWNRM region in
South Australia to illustrate the new insights about landscape func-
tion to be gained from this approach, and its implications for
collection and interpretation of ecological indicator data. For the
case study area we
a. investigate how the variability in vegetation response is
expressed across the study region, in order to better understand
the functional response of this landscape;
b. compare the new variability-based classiﬁcation with static IBRA
stratiﬁcations, in order to interpret the distribution of observed
vegetation response in relation to landscape structure and com-
position;
c. characterise the main vegetation variability-based classes of the
AW region in regard to location, landform, soils, vegetation type
and rainfall, and
d. analyse the temporal vegetation response for each of these
classes to deﬁne the framework of variability within which to
interpret indicator data.
2. Materials and methods
2.1. Study region
The AWNRM region in the far west of South Australia cov-
ers 261,180 km2, approximately 5.4% of the entire Australian arid
zone, which was delimited by Lawley et al. (2011) as the modiﬁed
Koeppen arid zone classiﬁcation, but with the dryland cultivated
areas masked out. The climate is hot and dry. Annual average daily
maximum temperatures range from 23.6 ◦C at the Nullarbor coast,
to 26 ◦C at Cook situated centrally within the region, and 29.3 ◦C
at Giles (Western Australia), which is located northwest of the
study zone (Fig. 1) (BOM, 2012). Rainfall is low, varying consider-
ably from year to year and is deemed aseasonal (Greenslade et al.,
1986). Mean annual rainfall at Cook was 153 mm over the 25 year
study period (BOM, 2012). Evaporation potential is extremely high,
from an annual mean of 2400 mm in the south to 4000 mm inland
(Government of South Australia, 2007).
Livestock grazing has modiﬁed the landscape in the northeast-
ern and southern areas of the AW region, which has likely altered
native vegetation community structure, composition and regener-
ative capability (Thackway and Lesslie, 2006). At least 70% of the
landscape has remained largely unmodiﬁed, and is loosely referred
to as wilderness (AWNRM Board, 2011; Klein et al., 2009). The AW
region contains seven terrestrial conservation reserves, covering
almost 90,000 km2 (Fig. 1). These include several destocked graz-
ing properties dedicated to conservation between 1979 (Nullarbor
Conservation Park) and 1991 (Tallaringa Conservation Park), an
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ndication that the ecological value of these remote regions is
ncreasingly recognised.
Wildﬁres are common in this landscape, with average ﬁre size
n the Great Victoria Desert estimated at 28 km2, and the Central
anges burning more frequently than surrounding regions (Haydon
t al., 2000; Turner et al., 2008). Burnt or charred vegetation and
egrowth after ﬁre are integral parts of the natural vegetation vari-
bility of the AW landscape.
The region is of high conservation value as it holds information
n ecosystem structure and function in unmodiﬁed landscapes and
as potential for monitoring the effects of climate change (Driscoll
t al., 2012; Pettorelli et al., 2012; Suppiah et al., 2006). It pro-
ides, because of its large extent, important ecosystem services
de Groot et al., 2002; Fisher et al., 2009), contains indigenous and
ndemic ﬂora and fauna, and is the homeland to Aboriginal tradi-
ional owners, who have a keen interest in monitoring landscape
ealth.
The region is under increasing pressure from the impact of min-
ng and tourism, proliferation of feral grazers (Pitt et al., 2007) and
eed invasion (Marshall et al., 2012). The sparsely vegetated arid
andscape is very resilient and is adapted to prolonged periods
f heat and drought. It is also fragile; biological soil crust is eas-
ly destroyed (Belnap and Gillette, 1998), and loss of the slow
rowing perennial vegetation is difﬁcult to reverse (Eldridge and
erris, 1999; Friedel et al., 2003; Lawley et al., 2013). Management
uthorities seek to detect change and trend in this landscape, so
ppropriate management action can be applied.
ig. 1. The AW study region showing pastoral paddocks and conservation reserves. CP = C
ain  recording stations highlighted in blue are used in the analysis, as they have near comators 60 (2015) 1284–1297
2.2. Data
The components and classes of the zonation created by Lawley
et al. (2011) are here used to show the distribution of variability
across the AW landscape. That zonation was based on principal
component analysis (PCA) of 25 years (1982–2006) of twice-
monthly maximum value composite (MVC) AVHRR data, which had
been calculated, at 8 km spatial resolution to the NDVI. The NDVI
is a well-established index using the near infra-red (NIR) and red
(R) spectral reﬂectance, (NIR − R)/(NIR + R), to represent all photo-
synthetically active vegetation in the landscape (Rouse et al., 1974;
Tucker, 1979). PCA revealed three main components underlying
Australian arid zone long-term vegetation variability. Greatest vari-
ability (65%) was found in the spatial distribution of temporally
aggregated vegetation response across the arid zone (low to high).
The second component (7% of remaining variability) represented
seasonality; it contrasted northern Australian monsoonal summer
growth with southern Australian winter growth and deﬁned the
arid zone interior as aseasonal. The third component (3% of further
variability) was  deﬁned by vegetation growth resulting from erratic
rainfall, at times linked to coastal cyclone-related rain events on
Australia’s east or west coast.
The Lawley et al. (2011) zonation consists of twenty-fourprincipal components (85% of variability). These new classes rep-
resent areas of distinct variability in vegetation response across
the Australian arid zone. Here we  use both the key principal
onservation Park, RR = Regional Reserve, WA  = Wilderness Area, NP = National Park.
plete records for the entire 1982–2006 study period.
E.F. Lawley et al. / Ecological Indicators 60 (2015) 1284–1297 1287
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omponents and the classes from that analysis, with their 25
ear NDVI time series, to show how variability in vegetation
esponse is distributed spatially and temporally across the AW
egion.
.3. Analysis
.3.1. Interpretation of factors governing vegetation variability in
he AW region
We display the relative distribution and inﬂuence of the three
ey components of arid zone variability in a red–green–blue
omposite image to show how these dynamic elements (the
istribution of total vegetation response, the seasonal response,
nd the erratic or east-west response) are expressed within
he AW region, and in the context of the wider arid zone
atterns.
Seasonality statistics for the Australian arid zone extractedrom PCA eigenvector loadings (Lawley et al., 2011) were used
o detect the frequency with which annual growth maxima
ccurred for every calendar month over the 25 years of investi-
ation.s across non-cultivated arid Australia.
2.3.2. Comparison of dynamics classes and IBRA stratiﬁcations
The IBRA divides arid Australia, as deﬁned by the Koeppen cate-
gory but with cultivated regions excluded, into some 39 regions
(Fig. 2) (Lawley et al., 2011; Thackway and Cresswell, 1997).
Four of these regions form the main coverage in the study area.
Finer-scaled stratiﬁcation deﬁnes 18 sub-IBRAs that partly or
entirely occur within the AW region, and further division shows 40
IBRA-associations, which form a detailed South Australian region-
alisation. The main IBRA in the AW region are Central Ranges, Finke,
Great Victoria Desert (GVD) and Nullarbor (Fig. 2). We  compared
the vegetation variability-based classes with the IBRA regions, IBRA
sub-regions and IBRA associations to detect whether variability in
vegetation response corresponds to the IBRA or sub-regional land-
scape stratiﬁcations.
2.3.3. Analysis of vegetation variability classes in the AW region
We focus on the classes with the greatest geographic extent inthe AW region, and describe their geographical distribution, domi-
nant vegetation cover, landform, and soils. Vegetation descriptions
were derived from the South Australian Vegetation Information
System Database (SAVEG). This database, in line with the National
1 l Indicators 60 (2015) 1284–1297
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Table 1
Seasonality across arid Australia shown by the number of years in which the com-
ponent 2 eigenvector extremes occurred in this month.
Seasonality Component 2, 7% of 25 years of variability
Australian North maxima Australian South maxima
January 3 –
February 6 –
March 9 –
April 7 –
May, June, July – –
August – 5
September – 10
October – 7288 E.F. Lawley et al. / Ecologica
egetation Information System (NVIS) framework, deﬁnes vege-
ation communities in the Australian landscape by their uniform
tructure and ﬂoristic composition, and names them by their dom-
nant species in major vegetation groups (MVGs) and subgroups
MVSs) (NVIS, 2012). Landform and soil descriptions were extracted
rom the South Australian IBRA-associations (Government of South
ustralia, 2007).
To further characterise the classes in relation to timing, mag-
itude and variability in growth over the course of the year, we
alculated the 25-year inter-annual mean NDVI for each twice-
onthly date for the classes of interest. Coefﬁcients of variance
ere calculated at each date to show how inter-annual variability
or each class changes over the course of a year.
We also analysed the 25-year bi-monthly AVHRR NDVI time
eries (600 images) for each class to identify intra and inter-annual
rends and possible climatic drivers. We  did this by means of STL
lots (Seasonal Decomposition of Time Series by Loess using the
-function plot.stl) (Cleveland et al., 1990). This involves locally
eighted regression function (Loess) smoothing of the raw NDVI
ime series, after which the seasonality was extracted at frequency
4; the number of twice monthly observations per year. Removing
he seasonality from the Loess smoothed data reveals the trend,
hich is the non-repeating signal over the observation period. The
emainder represents the high frequency variability removed by
he smoothing, and shows the information not explained by the
odel. The decomposition summary was interpreted to detect the
trength of seasonality, which we deduced from the percentage of
ata represented within the interquartile range of the seasonality
ummary in R.
We  compared class long-term vegetation responses with
ainfall using data from two rainfall stations with the most com-
rehensive monthly recordings over the 1982–2006 period (Fig. 1);
ecords from other stations with long gaps in records over the
5-year study period were excluded (BOM, 2012). Seasonality of
ainfall was tested through STL decomposition of the monthly rain
ata (1982–2006, frequency = 12) at the two relevant rainfall sta-
ions. Strength of seasonality was deduced from the decomposition
ummary.
To further illustrate analysis of temporal trends we applied
terative break detection to the time series for largest class. This
dentiﬁes abrupt changes in the STL decomposition trend signal.
brupt changes ﬂag periods of increasing and decreasing vegeta-
ion response and times of marked change in trend (Verbesselt et al.,
010).
. Results and interpretation
.1. AW regional variability in continental context
The geographic distribution and inﬂuence of the three main
omponents that underlie variability in Australian arid vegetation
esponse: the spatial distribution of temporally aggregated vege-
ation response (red), the seasonality (green), and the east-west
rratic effects (blue) are shown for the entire Australian arid zone
nd for the AW region (Fig. 3).
Total vegetation response in the AW region is moderate in the
ider arid zone context, but variability in vegetation response
s low relative to the extreme contrasts evident in northern and
astern arid Australia (Fig. 3). Vegetation clearly showed greater
esponse within the AW than in areas under grazing leases to the
ast of the region, such as the Stony Plains, Simpson and Strzelecki
une ﬁelds, and Channel country (Fig. 3); (for locations see Fig. 2).
ifference in biomass production is generally ascribed to differ-
nce in rainfall (e.g. Pickett-Heaps et al., 2014), but rain distribution
aps indicate that the central AW region receives similar annualNovember – 3
December – –
rainfall to Stony Plains, Simpson and Strzelecki dune ﬁelds, and
Channel country (BOM, 2012). This suggests that although rainfall
distribution (Greenslade et al., 1986), and soil type will likely play
a role, a further reason may  be that a large proportion of the AW
region has never been grazed by domestic stock. It has not suf-
fered the historical soil surface damage from hard hooved stock,
nor long-term degradation and loss of production resulting from
past drought related overstocking, which has occurred in many
areas under grazing lease. Vegetation in the natural AW region is
relatively intact and delivers a moderately strong NDVI response.
Seasonality (green), and erratic events (blue) are not strongly
expressed in the AW region, in the continental context, but some
of the northern coastal inﬂuence appears to have extended inland
towards the north of the AW region and some of the western inﬂu-
ence has affected growth over the Western Australian portion of
the Nullarbor (Fig. 3).
3.2. Variability within the AW region
Although the magnitude of variability in vegetation growth in
the AW region is conﬁned within a relatively narrow range and at
the lower end of the scale in the continental context, considerable
spatial heterogeneity is evident across the AW region; the underly-
ing factors exert varying degrees of inﬂuence. A broadly distributed
pattern of variability can be seen in wide bands from the south east
across the region north westwards (Fig. 3).
Temporally aggregated vegetation growth is the main deﬁn-
ing factor in the eastern Great Victoria Desert area and from there
within a narrowing band towards the northwest across the region.
The north eastern part of the Nullarbor also shows this as the main
dynamic. Temporally aggregated vegetation growth over 25 years
is lowest in the Tallaringa region, an area estimated to be in good
condition by regional management (AWNRM Board, 2011). Salt
lakes such as Lake Maurice and the Serpentine Lakes in Mamungari
Conservation Park naturally show close to nil vegetation response
(deeper red), even where some lake edge vegetation is included
due to the 8 km ground sampling resolution of the NDVI imagery
(Fig. 3). Greater total vegetation growth (less red) is apparent in the
southern Yellabinna, Yumbara area, Mamungari Conservation Park
(for location see Fig. 1) along the Western Australian border, and
the area west of Walalkara (Fig. 3).
Analysis of the eigenvectors of the seasonality factor revealed
that continental annual southern vegetation growth peaked dur-
ing the Austral winter and spring months of August to November
(Table 1). Although the AW region lies geographically in the asea-
sonal vegetation growth area, the coastal margin revealed higher
late winter and spring seasonal growth. The greatest effect of this
is visible in the areas along the Hampton and Yalata coast (Fig. 3).
The east-west factor (blue) was  interpreted at continental scale
as vegetative growth resulting from major cyclone driven rain
E.F. Lawley et al. / Ecological Indicators 60 (2015) 1284–1297 1289
Fig. 3. Colour composite of the three main components that deﬁne vegetation variability across the Australian arid zone, and as expressed in the AW region. The area within
the  oval shape on the legend cube shows the AW response: the vegetation 25-year aggregate is moderate to low (red), vegetation response is aseasonal to winter active
(green), and not strongly affected by extreme east-west erratic events (blue).
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vents (Lawley et al., 2011). The extreme effect seen at the con-
inental margins is not apparent in the AW region but nevertheless
ome monsoonal or cyclonic inﬂuence appears to have entered into
he AW region from the north and from the west, affecting the
entral Ranges and southern Nullarbor (Fig. 3).
Cyclones crossing the Western Australian coast result in rain
eaching the Nullarbor on average two or three times per decade
Gillieson et al., 1994). Australian Bureau of Meteorology data1
hows that eight cyclone paths entered the Western Australian
ortion of the Nullarbor during the 25-year study period, but none
xtended into South Australia. The only cyclone path entering the
W region within the study period was tropical cyclone Gertie
hich crossed the Central Ranges from west to east in December
995. No rainfall associated with speciﬁc cyclone dates appeared
o be recorded across the wider AW region (BOM, 2012), but some
f the long term effects of these erratic events, which are strongly
xpressed as growth in the Western Australian part of the Nullar-
or, appear to have extended along the coast into South Australia
Fig. 3).
Elsewhere in the AW region erratic effects (blue) appear
ttributable to localised and short term effects, rather than cyclonic
ctivity. In those locations strongest growth may  occur in seasons
ther than winter/spring, and vegetation response is relatively high
absence of red) (Fig. 3). Such erratic response can be seen, for
xample, near Ooldea, at the northern edge of the Nullarbor (Fig. 3)
here the dominant vegetation is mallee (Eucalyptus spp.), a veg-
tation type which typically grows and ﬂowers in summer.
.3. Classiﬁed vegetation variability within the AWNRM region
Lawley et al. (2011) mapped twenty-four spatio-temporal
lasses of vegetation response across arid Australia. Thirteen of
hese classes occur at least in part in the AW region, the four most
ominant of which (classes 17, 21, 16 and 13) cover areas ranging
rom 29,000 km2 to 135,800 km2 within this region (Fig. 4). Each
lass maps the distribution of a particular set of unique long-term
egetation dynamics. We  coined names for the classes in the AW
egion, for ease of discussion (Fig. 4 legend).
.3.1. Vegetation response classes in relation to IBRA stratiﬁcation
IBRA regions show less internal homogeneity in vegetation
esponse than expected. The GVD is for instance a large IBRA and
ur analysis reveals that it is internally quite variable with all
our main vegetation response classes present within its bound-
ry (Fig. 4a). Conversely, similar variability in vegetation response
an occur in different IBRAs, such as the long-term response of the
esert class which occurs in the GVD IBRA but also in a large portion
f the adjacent Nullarbor IBRA. Areas of like response may  also
ccur in geographically widely separate locations. For example the
ellabinna class (13) occurs in the far southern part of the GVD IBRA
nd in the northern part of the GVD, where it occurs intermingled
ith the Ranges class. Although class and IBRA boundaries gener-
lly show little coincidence, an exception is the boundary between
he GVD IBRA and the north eastern edge of the Nullarbor IBRA,
hich aligns with the boundary between classes 17 and 21 (Fig. 4a).
A large IBRA region may  include a variety of landforms. Divi-ion of the IBRA into sub-regions and IBRA associations deals with
ome of this diversity. At this ﬁner-grained stratiﬁcation of the
egion, there was only slightly stronger correspondence with the
istribution of the vegetation variability classes (Fig. 4b and c).
1 http://www.bom.gov.au/cyclone/climatology/wa.shtml.ators 60 (2015) 1284–1297
3.3.2. Class characteristics
To better understand how spatio-temporal variability differs
across the AW landscape we summarise the landforms, soils and
vegetation (Table 2), the average, variability, seasonality and trends
of vegetation response, as shown by NDVI time series (Figs. 5 and 6,
Table 3) and, where relevant, rainfall (Figs. 6 and 8) for each class.
The Desert class (17) is most typical of the study region (Fig. 4);
widespread, and with greater extent within than beyond the AW
boundaries. Its most dominant features are sand dunes and spinifex
(Triodia spp.) although chenopod plains dominate in the south
(Table 2).
The 25-year average NDVI plot for the Desert class shows that
on average growth peaks in late August, with low inter-annual vari-
ability in growth (coefﬁcient of variation less than 17%). Greatest
inter-annual variability over 25 years occurs in June (Fig. 5). These
annual patterns are further conﬁrmed in the STL plot Fig. 6, which
shows that the Desert class (17) vegetation annual growth patterns
show some cyclic nature (Fig. 6) but this is not strong, with 68.9% of
the data in the interquartile range (IQR) of the seasonal decomposi-
tion plot. This cycle shows its lowest value relatively late in January,
and highest value in late August (Table 3; Fig. 5), which is early
in the context of the southern winter/spring maxima of Australia-
wide seasonality (Table 1). The Loess function, in the decomposition
process, smooths out minor artefacts in the imagery, while a larger
image anomaly (June 1994) can be seen as relegated to the remain-
der plot.
The trend for the Desert class (Fig. 6) shows considerable ﬂuc-
tuations over the study period with very low values in 1985–1986
and three separate large peaks in late 1989, late 1992 and early
1998. The averaged trend was  upward. The positive residuals in
the remainder plot are slightly higher than the negative as result
of the June 1994 artefact, but overall they are evenly distributed,
which retains conﬁdence in the observed trend. Each of the classes
under investigation shows great variability in trend (Fig. 6).
The iterative break analysis applied to the trend of the Desert
class (17) shows four distinct breaks, where an abrupt change in
vegetation response ﬂagged a time of marked change in trend
(Fig. 7). It shows that the pattern of vegetation response for the
Desert class is extremely variable, with declining trends punctuated
by sudden increase.
Vegetation growth (raw NDVI) of the Desert class shows on occa-
sions a clear relationship to Maralinga rainfall records, but at other
times no correspondence is apparent (Fig. 8). Lagged vegetation
response to major rainfall events occurred in March 1983, March
1989, February 2003 and February 2004. Lags of two months or
more between effective rain and vegetation growth peaks are com-
mon  in the Australian arid landscape dominated by perennial plants
(Nightingale and Phinn, 2003; Pickup and Bastin, 1997).
STL analysis of Maralinga monthly rainfall (Fig. 6) indicates that
a mere 6.4% of rainfall data was  captured within the IQR of the
seasonal cycle, conﬁrming the interpretation that rain in the Great
Victoria Desert is aseasonal (Greenslade et al., 1986).
Rainfall clearly does not drive the cycles in vegetation growth
so strongly demonstrated in the STL NDVI decomposition (Fig. 6).
Nightingale and Phinn (2003) also note the lack of correspondence
between precipitation and AVHRR NDVI for many arid southern
Australian vegetation types. Factors suggested as responsible for
this periodicity in greening are temperature, with shoot growth
reduced to zero when the temperature rises above a certain thresh-
old during the hottest part of summer (Specht and Specht, 2002),
or day length and sun angle, with vegetation able to utilise dew
till later in the day in winter. Added to this is the ﬁnding that
even good summer rain may  not result in the level of vegetation
response that can be expected in the cooler months, because the
extreme heat and high evaporation curtail ephemeral growth. This
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Fig. 4. The study site showing the classes represented within the AW region, with main classes named in the legend. Biogeographic regions mapped are, a. IBRA regions, b.
IBRA  sub-regions, c. South Australian IBRA associations.
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Table 2
Description of the main classes of variability in vegetation response across the AW region.
Extent in Australian arid zone
Extent within AW
% of AW Dominant vegetation cover Dominant landform Soil
Desert class Class 17 264,320 km2
135,808 km2
51.4% Low eucalypt woodland, open acacia
scrubland and tall mallee shrubland
and spinifex (Triodia spp.) grasslands.
Low open shrubland of mulga, hakea,
grevillea, senna, emubush and spinifex.
In the south eastern open scrub of
Mallee scrub and spinifex especially in
the south eastern region. In the
Nullarbor region, chenopod shrubland
of saltbush, bluebush and samphire.
Extensive duneﬁelds with
occasional silcrete rises and
shallow depressions. Plains
with closely spaced easterly
trending dunes and
occasional rock outcrops in
the south eastern region. On
the Nullarbor, Limestone
plain with occasional
sinkholes and caves. Traces
of surface drainage
occasionally form elongated
chains of dry lakes.
Red earthy sands,
red siliceous sands,
crusty red duplex
soils and reddish
dense loams and
on the Nullarbor,
powdery red
calcareous loams
and reddish
calcareous earths.
Plains class Class 21 348,096 km2
48,064 km2
13.8% Low open woodland of marble gum,
mulga and spinifex, Shrublands of
mulga, tussock grass, senna and
emubush, with some hakea and
grevillea. Chenopod shrubland of
bluebush, saltbush samphire and sea
heath. In the Nullarbor region,
chenopod shrubland of saltbush,
bluebush and samphire. Open scrub of
mallee.
Undulating plain with dunes,
low gibber covered rises and
shallow sandy depressions
associated with a relict
drainage system. On the
Nullarbor, Limestone plain
with some sinkholes and
caves. Occasional elongated
chains of dry lakes.
Red massive
earths, red earthy
sands, red siliceous
sands and crusty
red duplex soils.
Red calcareous
loams, reddish
calcareous earths
and earthy sands.
Ranges class Class 16 501,632 km2
31,360 km2
6.3% Hummock grassland of spinifex and
wanderrie grass, low woodland of
mulga and witchetty bush, low open
woodland of mulga, hakea and
witchetty bush, low shrubland of
senna, emubush and witchetty bush
and low woodland of river red gum
and ironwood. Further east, Low open
woodland of mulga and grasses. Open
hummock grassland of spinifex. Low
shrubland of witchetty bush, senna
and emubush. Chenopod shrubland of
bluebush, senna and emubush and low
woodland of river red gum and
umbrella grass.
Rugged ranges. Steep talus
fans extending into the
surrounding alluvial plains
which carry isolated dunes
and hills. Towards the east
limestone and silcrete gravel
plains occur, also gently
undulating plains with
parallel dunes. Some granitic
inselbergs and silcrete
capped mesas.
Red massive
earths, red earthy
sands and red
siliceous sands. In
the western area
reddish loams and
brown
self-mulching
cracking clays.
Further east, Red
earthy sands, red
siliceous sands and
crusty red duplex
soils.
Yellabinna classClass 13 322,496 km2
29,056 km2
9.0% In the north and west: Low open
woodland of mulga, tall shrubland of
mallee, spinifex, mulga and wire-grass
or desert oak. Grassland of spinifex and
wire-grass. Low shrubland of witchetty
bush, senna and emubush. In the
south: Open scrub of mallee and
spinifex.
Extensive duneﬁelds with
easterly trending dunes,
extensive sand plains,
occasional inselbergs or
calcrete rises. In the south
plains with closely spaced
dunes and occasional rock
outcrops.
Red massive earths,
red siliceous sands,
reddish powdery
calcareous loams.
Red calcareous
earths, crusty red
duplex soils,
reddish siliceous
sands.
Nullarbor class Class 14 137,728 km2
7168 km2
5.2% Chenopod shrubland of saltbush,
bluebush and samphire, and open
scrub of mallee and dryland teatree.
Featureless limestone plain
with occasional sinkholes
and caves and prominent
cliffs along the coast. Traces
Powdery red
calcareous loams,
reddish calcareous
earths and reddish
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San be seen when only limited growth followed by rapid decline
as evident after heavy rain recorded at Maralinga in December
982 and December 1988. The very high mid-summer evapora-
ion and consequent surface drying may  have halted ephemeral
rowth.
able 3
TL results summarised. Low and peak timing, as calculated by STL, are also evident in Fig
Decomposition seasonal values Relative amount Seasonal IQR
Desert class (17) Moderate 68.9% 
Plains class (21) Low 75.9% 
Ranges class (16) Moderate 91.9% 
Yellabinna class (13) High 95.1% 
Rain  Giles NA 18.8% 
Rain  Maralinga NA 6.4% of surface drainage
occasionally form elongated
chains of dry lakes.
earthy sands
A cautious approach is needed when linking vegetation greening
over a vast landscape to potentially patchy rainfall at a single rain
recording station, as exempliﬁed in 1992, when very little mid-year
rain was  recorded, yet NDVI levels rose, clearly as results of rain that
fell elsewhere but failed to register at Maralinga (Fig. 8).
. 5.
 Overall trend Low Peak
Upward Late January Late August
Level Late January Early August
Downward Early December Late July
Upward Early January Late July
NA August December
NA NA NA
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The Plains class (21) has by far the lowest average long-term
egetation response of all classes. Its inter-annual variation over
he course of a year is very similar to that of the Desert class, but
reater inter-annual variability is shown in late February (Fig. 5).
egetation growth shows stronger seasonality in the Plains class
han in the Desert class. The decomposition captures 75.9% of data
ithin the IQR of the seasonal cycle. The lowest point of the Plains
ycle occurs in late January, as in the Desert class, but the high-
st point occurs in early, rather than late, August. This pattern is
upported by the 25-year average growth plot (Fig. 6).
The Ranges class (16) is largely associated with the Central
anges and geographically conﬁned to the north of the AW region.
he vegetation components unique to this class appear to be the
pinifex covered slopes and the tree and tall-shrub lined gullies and
rainage lines (Table 2). In this zone growth commences earlier in
he year than elsewhere in the AW region (Fig. 5) and it exhibits
ow inter-annual variation. The Ranges class and Desert class show
he same average NDVI, but the Ranges class average exceeds that
f the Desert class in the early part of the year (summer–autumn),
hereas the Desert class NDVI average is the greater later in the
ear (late winter–spring) (Fig. 5).
The Ranges class vegetation shows relatively strong seasonal
rowth (Fig. 5; Table 3). Peak NDVI in the cycle occurs in late July and
he minimum in early December, indicating that the growth cycle
ommences and ﬁnishes much earlier than that of other classes.
he rainfall station associated with the Ranges class is Giles Meteo-
ological Station, where average monthly rainfall at times exceeds
00 mm.  By comparison Maralinga average monthly rain remained
elow 150 mm over the entire 1982–2006 period. STL decom-
osition of Giles rain records showed a slight tendency towards
easonality in rainfall with 18.8% of data in the IQR of the seasonal
ycle, with peaks over the 25 year period occurring in December and
owest values in August (Fig. 6). This seasonality is likely relatedbility for each date is shown by the coefﬁcient of variation (CV, dashed lines).
to the summer monsoonal rains to the north. The Ranges class
trend over 25 years showed decline in vegetation growth. This cor-
roborates with information from local Aboriginal managers, who
suggest they observed a decline in landscape health as quoted in
the AWNRM Management Plan. That trend was  however estimated
over a shorter, 10 year period (AWNRM Board, 2011).
The Yellabinna class (13) is an example of a class occurring in
two widely divergent regions in the AW.  In addition to its patchy
occurrence in the west in Mamungari Conservation Park, a large
portion of this class occurs in the Yellabinna area in the south,
but also in the far north of the GVD where it grades into mar-
gins of the Central Ranges. Although these Yellabinna class regions
appear quite diverse, the iso-classiﬁcation had detected a similar
long term pattern of variability in vegetation response in these
separate regions.
Vegetation in the Yellabinna class showed the highest NDVI
of any of the dominant classes, but also the least inter-annual
variation (Fig. 5). This may  be attributable to the relatively dense
vegetation and higher foliage cover in mallee regions, where
woody perennials dominate, rather than herbaceous (ephemeral)
or grassy vegetation. The 25-year trend in vegetation growth for
the Yellabinna class shows low response in the earlier part of
the period, increasing after 1999, resulting in an overall increase.
Strong seasonal periodicity is evident with 95.9% of the Loess
smoothed data ﬁtting within the IQR of the seasonal decompo-
sition plot (Fig. 6). Comparison between the Yellabinna and the
Ranges class reveals very similar responses, both showing relatively
strong cyclic patterns, and near-coincidence in timing. Summer
rain could explain the strong and early response in growth for
the Ranges class and the northern portion of the Yellabinna class,
but the southern portion of the Yellabinna class does not expe-
rience such rainfall patterns. The similar cyclic response in the
south could be explained by the phenology of mallee, a summer
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oig. 6. Trend analysis for each of the major classes. STL plot showing for each clas
easonality after Loess smoothing, the trend panel and the residual panel.
rowing species. This showed that quite different drivers may  pro-
uce similar growth patterns.
The Nullarbor class (14) is a relatively minor class in the AW
egion, occurring only at the southern margin of the Nullarbor,
lthough in Western Australia this class occupies the greater part
f the Nullarbor region. This class is of special interest because
t exhibits growth patterns and variability very different from
he main AW classes, with greater magnitude and amplitude
nd stronger Austral-winter response. Nullarbor class (14) peak-
rowth on average culminates in winter, and mean magnitude
f growth is greater than that of the four main classes, but the
oefﬁcient of variation revealed that vegetation growth differs
ubstantially from year to year in the early part of the year
nly. Fig. 7. Trend in NDVI time series and iterative breakplot for Desert class (17).
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This inter-annual variation appears to be linked to seasonality
lus rainfall associated with the east-west erratic factor, as shown
n the colour composite (Fig. 3). Lawley et al. (2011) suggested
hat these strong ﬂuctuations in vegetation response, which are
ot evident in the adjacent Desert class, may  be indicative of graz-
ng regimes that have led to a reduction in chenopod cover and
ncrease in annual forbs and grasses. Here we propose that an addi-
ional, or alternate, explanation is the third deﬁning factor of arid
one variability, the erratic east-west response. Vegetation green-
ng occurs as result of cyclone triggered rain, which appears to
trongly affect vegetation growth in the Western Australian part
f the Nullarbor (Fig. 3). This interpretation is supported by the fact
hat eight cyclonic paths traversed the Western Australian section
f the Nullarbor in the 25-year study period – always in the early
art of the year but not every year (BOM, 2012), which explains the
reater inter-annual variability in vegetation response shown for
his class in the early part of the year (Fig. 5).
. Discussion
In highly variable landscapes change and trends in sparse eco-
ogical indicator data are very difﬁcult to interpret. This study
hows that remote sensing can provide the spatial and temporal
ontext and framework needed to improve interpretation of eco-
ogical indicator data.
We  have presented a detailed analysis of the spatio-temporal
atterns that represent variability in vegetation growth across the
W wilderness region of South Australia. The geographic distri-
ution and relative effect of the main components that govern
ong term variability in vegetation response in this arid region are
resented. Iso-classiﬁcation of the combined key components and
DVI time series for the main variability-based classes in the AW
egion revealed key differences between these classes. This infor-
ation indicates where in the region certain vegetation responses
ay  be expected and the strength and variability of such response.
The new stratiﬁcation based on the distribution of the veg-
tation functional response clearly differs markedly from the
tratiﬁcations based on biogeographical properties of climate, geol-
gy, soil and landform and vegetation composition and structure.
he new classiﬁcation is not intended to replace the IBRA but
ather adds information about the vegetation functional response
o enhance the IBRA stratiﬁcations and potentially enable better
nterpretation of ecological indicator data. This zonation based on
ctive vegetation growth patterns may  be more effective for mon-
toring of vegetation-growth related ﬂora and fauna phenomena.sponse over 25 years. Rainfall shown was recorded at Maralinga, the most relevant
The considerable difference between distribution of the vegeta-
tion response-based classes and the traditional IBRA stratiﬁcations
is important for data interpretation. Areas with the same observed
growth pattern, although they are geographically located in dif-
ferent IBRA, may  point to currently undocumented phenological
and physiological similarities in vegetation. Conversely areas of
different vegetation dynamics classes, even though they occur in
the same IBRA region, need to be interpreted differently. IBRA
stratiﬁcations are often used in the design of on-ground ecolog-
ical sampling programmes (Foulkes et al., 2011), or to aggregate
site records for broad-scale interpretation. The new stratiﬁcation
presents an alternative basis for ﬁeld sample location, based on
broad scale observation of vegetation function over time.
Several ecological condition assessment protocols have been
established in Australia and elsewhere, collecting on-ground veg-
etation and soils data intended for use as ecosystem indicators.
Some of these include repeat samples at various intervals. Exam-
ples of such ﬁeld survey programmes in Australia are the Biological
Surveys of South Australia (Heard and Channon, 1997; Kenny
and Thompson, 2008), the AusPlots ﬁeld monitoring programme
of the Terrestrial Ecosystems Research Network (TERN) (Foulkes
et al., 2011; White et al., 2012) and the detection and map-
ping of woody vegetation change for the Queensland Statewide
Landcover and Trees Study (SLATS), which developed a ﬁeld mea-
surements method also used for Australia-wide fractional ground
cover monitoring (Muir et al., 2011). Monitoring protocols may
include assessment, in the arid zone usually in one hectare sites,
of an array of ecological indicators such as vegetation species pres-
ence, soil characteristics and metagenomics, vegetation cover, tree
biomass and leaf area index (LAI). The collected data are intended
to reﬂect the condition of the site’s ecosystem.
However, detecting trends in land condition is difﬁcult if data
has limited temporal frequency, sometimes as little as two  or three
assessments. To interpret such site data it is essential to understand
the natural long-term patterns and cycles that operate at the site.
Only when this natural variability is understood can judgement
be made on whether the condition is truly improving or declin-
ing beyond the normal ‘envelope’ of variability. Furthermore to
interpret values collected at a point in time we  need to understand
when in the natural temporal cycles and patterns of variability the
data were collected. Currently anomalies in data values may be
explained anecdotally by reference to known events such as a ﬁre or
heavy rain, but these factors are not always known for remote sites,
and if known cannot be quantiﬁed. There is clearly a need to inter-
pret site data in the measurable context of natural spatio-temporal
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atterns and cycles, especially when attempting to separate natural
rom management effects (Ostendorf, 2011).
The decomposition of the greenness signal (NDVI) of 25 years
f NOAA AVHRR data showed considerable variation in the trend
or each class across the 25 years. Extracting a deﬁnitive trend can
e elusive, even when using the persistent, frequent and objective
ecords of a long time-series of satellite data, covering a large part of
he landscape. It emphasizes the complexity and episodic nature of
rid landscapes. The study shows how interpretation of site based
ata without knowing the variability is apt to lead to misinterpreta-
ion of change detected in ecological indicator values and erroneous
rend evaluations. The breakpoint analysis also draws attention to
he likelihood of misinterpretation when using shorter time series
or trend analysis.
This study used satellite data which offers spatially comprehen-
ive high temporal frequency information over large spatial and
emporal extent. This allowed us to gain greater understanding of
andscape functioning which is impossible to obtain from ﬁeld data
lone. Our analysis has provided geographic patterns at 8 × 8 km
round resolution and temporal cycles at 16-day resolution. This
oes not reveal the condition or cycle at hectare-scale ﬁeld sites,
ut it does reveal the envelope within which the sample site func-
ions and by supplying this framework it can vastly improve the
nterpretation of data collected at the site.
The research demonstrates that each zone has a unique set
f conditions, an envelope of variability rather than a “base line”
f condition, within which we can place the ﬁeld observations
t speciﬁc times. We  have used readily available satellite data
or 1982–2006 but the temporal signal for each class can be
xtended with contemporary AVHRR-NDVI or higher resolution
ODIS remotely sensed data. As future ﬁeld data are collected, their
iming in the response cycle can be determined and compared with
hose for previous observations from that site.
The ﬁndings in this research have, beyond improving data inter-
retation, also implications for ecological sampling protocols and
ite selection for comparative monitoring points, and for biodiver-
ity management purposes. This study has not only given a new
erspective on the regional AW landscape, it has also presented an
pproach to improve interpretation of indicator data that is appli-
able for arid zone management worldwide.
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